We investigated whether or not social stress (isolation, 1 mouse per cage) increases oxidative DNA damage in mouse peripheral blood cells. Male BALB/c mice (4 weeks old) were housed 5 per cage for 10 days. After acclimatization, mice were exposed to isolation stress for 7 and 30 days. Control mice were housed 5 per cage. Serum levels of corticosterone, which is a well known stress marker, and antioxidant compounds, ascorbic acid and a-tocopherol, were determined by liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) and ESACoul Array analysis, respectively. Single cell gel electrophoresis (comet assay) using formamidopyrimidine DNA glycosylase (FPG) was done to determine oxidative DNA damage in mouse peripheral blood cells. The signiˆcant increases of plasma level of corticosterone were observed in mice exposed to isolation stress for 7 days and 30 days. Although no signiˆcant diŠerences in plasma concentration of ascorbic acid and a-tocopherol were observed between the control mice and the isolated mice, oxidative DNA damage was induced in the isolated mice for 7 days and 30 days. These results suggest that social stress, isolation, causes mild oxidation in mice.
Introduction
Hans Selye deˆned stress as a non-speciˆc response of the body to various stressors such as excessive heat and cold, chemicals, forced immobilization. This response is called general adaptation syndrome, and is characterized by adrenal hypertrophy and atrophy of the thymus gland (1) . The homeostasis, which is maintained by the autonomic nervous, endocrine and immune system, is disturbed owing to various kinds of physiological and psychological stress. And this may induce various disorders such as hypertension, atopic dermatitis, arteriosclerosis and depression (2) . Psychological or psychosocial stress increases blood pressure and the plasma levels of glucocorticoid and catecholamines by the activation of the sympatho-adrenomedullary system and the hypotalamo-pituitary-adrenal axis (3) . Stress response is measured by physiological parameters (blood pressure, skin temperature etc.) and serum or urinary biochemical indices (cortisol, adrenalin etc.).
Artiˆcial stressors like immobilization, forced running or electroshock were used in most animal studies. However, social interaction is an important source of stress. Therefore, we conducted animal experiments using isolated mice as a model mimic to human psychosocial stress. It has been reported that social isolation stress accelerated the development and growth of either transplanted or chemically induced tumors (4, 5) . Marked ampliˆcation of contact sensitivity responses and various modiˆcation of the immune system were observed in the skin of isolated mice (6) . The social crowding stress induced body weight gain inhibition, atrophy of thymus, hypertrophy of the adrenals, increased levels of corticosterone and catecholamines (7) .
It has been demonstrated that psychological stress induces the production of reactive oxygen species. Oxidative DNA damage in rat liver was observed after exposure to emotional stimuli in a communication box (8) . Immobilization stress induced oxidative damage to lipid, protein, and DNA and altered antioxidant status in rat brain and plasma (9, 10) . Lipid peroxidation (LPO) is involved in tissue oxidative injury. In previous cross-sectional study on 66 female volunteers aged 38-70, the association between serum LPO and psychological depressive symptoms was examined. The Center for Epidemiologic Studies Depression (CES-D) scores demonstrated signiˆcant positive correlation with serum LPO (11) . We have also reported that people in high stress jobs exhibited signiˆcantly higher CES-D scores, and signiˆcantly lower concentrations of total cholesterol, low density＋very low density lipoprotein cholesterols, a-tocopherol, and b-carotene compared with people in low stress jobs (12) . On the other hand, we have reported that biopyrrins, bilirubin oxidative metabolites, were excreted in the urine in mice exposed to three kinds of social stress (isolation, crowding and confrontation) for 7 days and that these levels decreased after 30 days, though they were still rather high compared to the control group (13) . These results suggest that social stress causes oxidative stress.
It has been obscure whether a mild psychosocial stress such as isolation results in increase of oxidative DNA damage. Therefore, in the present study, oxidative DNA damage in peripheral blood cells, serum levels of antioxidants-ascorbic acid and a-tocopherol in mice exposed to isolation were determined by single cell gel electrophoresis (comet assay) using formamidopyrimidine DNA glycosylase (FPG) and ESACoul Array analysis, respectively.
Materials and Methods
Chemicals: Corticosterone, ascorbic acid, atocopherol, retinyl acetate and Type I agarose were from Sigma (St.Louis, MO, USA). Low melting point agarose was NuSieve LMP agar obtained from FMC BioProducts (Rockland, Maine, USA). Other chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Animals and diets: Male BALB/c mice (4 weeks old, Japan SLC, Shizuoka, Japan) weighing 16-19 g were housed 5 per cage (225×338×140 mm) for 10 days. After acclimatization, the mice were exposed to isolation (1 mouse per cage). All cages were placed in a foam plastic box in order to avoid social contact. To enhance the feeling of isolation, the bed volume in each cage for the isolated mice was reduced to one-tenth of that in the control group (5 mice per cage). The weight of bedding chips was about 5 g. All mice were housed in an air-conditioned room (23±19 C) under 12 h dark/12 h light cycles, with free access to tap water and MF diet (Oriental Yeast Co., Tokyo, Japan). This study was conducted according to the Guidelines for the Regulation of Animal Experimentation Committee of the University of Shizuoka.
Sample preparation of blood: After 7, and 30 days of stress, the mice were anaesthetized with ether, and blood was withdrawn from the abdominal aeorta into capiject tubes (Terumo Medical Corporation, Somerset, NJ, USA) at 17:00-18:00. Mice were fasted for 12 h before sacriˆce. Serum was obtained by centrifugation (4,200 rpm, 10 min) after leaving the samples to stand at room temperature for 15 min. The serum samples were also frozen in liquid nitrogen and stored at -809 C until analysis.
Measurement of corticosterone: Serum (0.1 mL) and ethyl acetate (AcOEt, 2 mL) were mixed well for 10 min and centrifuged at 3,000 g for 10 min at 49 C. The AcOEt extract was evaporated to dryness and the residue was dissolved in 1 mL of methanol. A 10 mL aliquot was analyzed by liquid chromatography/ electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS). The analyses were performed in a API 3000 mass spectrometer (Applied Biosystems, Tokyo, Japan) equipped with an electrospray, operating in positive multiple Reaction Monitoring mode. The LC system used was as follows: An Agilent 1100 system, 250×2.0 mm i.d. Capcell Pak C18-UG120 column (Shiseido, Tokyo, Japan), oven set at 409 C. Mobile phase: Solvent A, water (0.1z formic acid); B: methanol. Gradient conditions: A/B＝60/40-5/95 for 0-6 min; 5/95 for 6-14 min; 5/95-60/40 for 14-14.01 min; 60/40, for 14.01-20 min. The ‰ow rate was 300 mL/min. Corticosterone was quantiˆed by measuring the peak areas based on calibration plots of the peak area of standard corticosterone (HPLC grade) at various concentrations. The recovery with this method using a standard was À96z.
Ascorbic acid: Serum was acidiˆed with perchloric acid (ˆnal concentration: 0.4 M). The solution was mixed well and then centrifuged at 3,000 g for 10 min at 49 C. The supernatatnt wasˆltered through a Millipore ultra free-MCˆlter (15,000 g, 10 min, 49 C) and then subjected to HPLC-ECD (Coul Array Model 5600A, ESA, Inc., USA). The LC system used was as follows: Column: A 250×4.6 mm i. The ‰ow rate was 900 mL/min. Cells potentials: from 0 to 900, every 60. Ascorbic acid was quantiˆed by measuring the peak areas based on calibration plots of the peak area of standard reduced ascorbic acid at various concentrations. The recovery with this method using a standard was À99z.
a-Tocopherol: Serum (0.2 mL), mobile phase B (39z methanol (MeOH), 10z 1-propanol, 1z ammonium acetate (CH3COONH4), (0.2 mL), hexane (1 mL) and internal standard (10 mg/mL retinyl acetate, 10 mL) were mixed well for 10 min and centrifuged at 3,000 g for 10 min at 49 C. The hexane extract was evaporated to dryness and the residue was dissolved in 0.2 mL of mobile phase B. A 70 mL aliquot was analyzed by HPLC-ECD. The LC system used was as follows: (15) with some modiˆcation. Theˆrst layer (50 mL, 0.7z Type I agarose in phosphate buŠered saline) was spread on clear microscope slides using another slide and allowed to dry overnight. A second layer of 95 mL Type I agarose was overlaid. Seventyˆve mL of blood was diluted with the same volume of PBS. 100 mL of diluted blood was suspended with the same volume of 1.4z low melting point agarose in PBS. Seventyˆve mL of the blood suspension was added to each slide as a third layer. A top layer (75 mL, 0.7z low melting point agarose) was added to each slide. The slides were immersed in lysis solution (2.5 M NaCl, 0.1 M EDTA2Na, 0.01 M Tris base, 1z salcosinate-NaOH buŠer, 10z dimethylsulphoxide and 1z Triton X-100, pH 10) at 49 C for 1 h and then washed (100 mL×3 for 5 min) with FPG buŠer (10 mM Tris, pH7.5, 1 mM EDTA2Na, 100 mM NaCl, 100 mg/mL bovine serum albumin). FPG was prepared in Hiroshima University by the method described previously (16) . Treatment with FPG was carried out as follows. The cells embedded in agarose were overlaid with 80 mL of FPG (1 mg/mL) and then cover-slips were added. The slides were incubated for 15 min at 379 C in a humidiˆed atmosphere. For the slides without FPG-treatment, FPG buŠer was used. The slides were then placed in alkali electrophoresis buŠer (0.3 M NaOH, 1 mM EDTA-2Na) and kept in it for 10 min. Following electrophoresis (25 V, 15 min), slides were washed with neutralizing Tris buŠer (0.4 M Tris base, pH7.5, 5 min×3) and stained with 50 mL of ethidium bromide solution (20 mg/mL). Comets in each agarose slide was analyzed using a CCD camera and the Komet 4.0 image analysis program (Kinetic Imaging Ltd, Liverpool, UK). DNA strand breaks and FPG-sensitive sites in the DNA of mouse peripheral blood cells were determined by tail moment for 50 comets from one mouse blood sample in each slide. Two independent assays were carried out and three mice were randomly selected in each group.
Statistical analyses: Statistical analyses were performed using Student's t test or Mann-Whitney's U test. P values of less than 0.05 were considered to indicate signiˆcant diŠerences.
Results and Discussion
As shown in Table 1 , signiˆcant loss of body weight was not observed in the both control and isolated groups for 7 and 30 days. However, signiˆcant increase of serum level of corticosterone was observed in the isolated groups for 7 and 30 days (Fig. 1) . Serum concentrations of corticosterone in the control group and isolated group for 7 and 30 days were 181.0±29.1 ng/mL and 430.0±17.3 ng/mL, 168±16.2 ng/mL and 363.7±58.9 ng/mL, respectively. In our previous study, signiˆcant increase of serum level of corticosterone was also observed in mice exposed to isolation for 7 days, and a trend of increase was observed in mice exposed to isolation for 30 days (13). The increase of serum level of corticosterone in mice isolated group for 30 days was higher in the present study compared with previous study. The mice were fasted for 12 h before collecting blood samples in the present study, but not in the previous experiment. Fasting is considered to be one kind of stress. Therefore, fasting may enhance serum level of corticosterone in the isolated mice, though it did not aŠect the control mice. We conˆrmed the previous experimental results that isolation is stressful. In single cell gel electrophoresis (comet assay), DNA damage detected as strand breaks includes DNA strand breaks and alkaline labile sites, not oxidative DNA damage such as 8-hydroxydeoxyguanosine . In this study, the comet assay using FPG was done to determine oxidative DNA damage in mouse peripheral blood cells by the method described previously with some modiˆcation (17) . FPG has N-glucosylase and AP-lyase activities and repairs oxidative DNA damage by e‹ciently removing formamidopyrimidine lesions and 8-OHdG residues from DNA. Fig. 2A and 3A shows mean values of tail moment from two independent experiments. As similar results were obtained in each experiment, the representatives of two independent experiments were shown on distribution proˆles of tail moment ( Fig. 2B and 3B) . No diŠerence was observed between the control group and the isolated group in the mean values of tail moment without FPG treatment. However, FPG treatment increased DNA damage in both control and isolated mice. The mean values of tail moment with FPG treatment were signiˆcantly higher in mice exposed to isolation stress for 7 and 30 days ( Fig. 2  and 3 ). These results demonstrated that isolation for 7 and 30 days induced FPG-sensitive sites.
It has been reported that emotional stimuli in a communication box increased oxidative DNA damage in rat liver (8) . Immobilization stress signiˆcantly increased malondialdehyde (MDA) in the cortex, cerebellum, midbrain, and hippocampus, protein carbonyl in the cerebral cortex, hypothalamus, and pons-medulla oblongata, and 8-OHdG in the cerebral cortex (9) . In previous study, a signiˆcant increase in urinary excretion of biopyrrins was observed in mice exposed to three kinds of stress (isolation, crowding, and confrontation) for 2, 7, and 30 days, compared with each control group (13) . Urinary biopyrrins increased in volunteers who were asked to deliver a speech (18) . Biopyrrins are oxidative metabolites of bilirubin. Bilirubin works as an antioxidant in vivo and in vitro (19, 20) . Though isolation induce mild social stress, the previous and present studies suggest that isolation causes oxidative stress via reactive oxygen species (ROS) production.
In order to know the change of antioxidant status by psychosocial stress, analysis of antioxidant compounds, ascorbic acid and a-tocopherol, in serum using ESA Coul Array was carried out. As shown in Fig. 4 , no signiˆcant diŠerences in serum concentration of ascorbic acid and a-tocopherol were observed. It has been reported that chronic psychological stress such as awareness of potential military attack led to an increase of plasma superoxide and malondialdehyde (21) . Liu et al. also reported that rat plasma levels of thiobarbituric acid reactive substances increased following immobilization stress. However, it was demonstrated that plasma levels of ascorbic acid remained unchanged (22) . It has been reported that immobilization stress resulted in marked reduction in the concentration of ascorbic acid in adrenals (23) . In the present study, the levels of ascorbic acid and a-tocopherol in each tissue of isolated mice have not been determined. These antioxidant vitamins may be released from peripheral tissues and get into the circulation system to keep their plasma levels, when some tissues are oxidatively damaged. On the other hand, other plasma antioxidant may be eŠective against social stress induced oxidation. Bilirubin is distributed all over the body and suppresses oxidation more strongly than many other antioxidants including ascorbic acid and a-tocopherol (19, 24) . Bilirubin is degraded to biopyrrins by reaction with ROS. Biopyrrins are produced not only in the systemic circulation but also at the cellular level in each organ of the body, and excreted in the urine. As mentioned above, social stress such as isolation and crowding increased biopyrrins in mouse urine. Bilirubin may play an important role in protection against social stressinduced oxidation as one kind of antioxidants.
This study suggests that social stress generates ROS which cause an increase of oxidative DNA damage. However, it is not known where in the body and how ROS are produced. Further investigations are required to ascertain social stress induced ROS producing mechanism.
